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Micro-flotation studies were performed to determine first 
the response of quartz and feldspar to flotation with a pure 
sulfonate. Secondly, the effect of slimes of microcline and 
montmorilIonite on the flotation of quartz was studied. Fin­
ally, the effect of calcium and sodium on the sulfonate flota­
tion of quartz was reviewed.
The experimental results indicated that quartz responds 
weakly to flotation in the absence of a polyvalent cation due 
to the sodium adsorbed on the surface of the quartz, exercis­
ing culombic attraction for the sulfonate ions. A polyvalent 
cation acts as an activator when the pH is such that the ca­
tion hydrolyzes. Microcline and albite respond to sulfonate 
well.
The slimes of microcline have a depressant effect on the 
sulfonate flotation of quartz. MontmorilIonite slimes have a 
strong depressing effect at very low concentration. As the 
concentration increases, they have an activation effect at 
the pH at which calcium hydrolyzes.
Two competing mechanisms are proposed for feldspar flota­
tion. Chemisorption of sulfonate on the aluminum sites seems 
to occur over the complete range of pH, and dissolution of the 
aluminum of the feldspar and self-activation. This second 
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Silica Sand and Feldspar
Although feldspar and quartz were originally mined for 
use in the manufacture of ceramics and pottery, the glass 
industry in Mexico has grown vigorously, and now consumes 
80 percent of the annual output. However, the production 
of quartz grade "A" is still not sufficient and importation 
continues. New plants are now under construction and others 
still are in the planning stage. These new investments will 
probably provide for the needs of the country.
North America (Canada and the United States), up to the 
year 1958 (1), was the largest producer in the world of 
feldspar, followed by Europe, Asia, South America, Africa 
and Australia. The United States supplies Mexico the feld­
spar and silica sand needed to cover the difference between 
production of glass and production of raw materials for mak­
ing glass. This difference is not constant and varies between 
a wide range.
Feldspar was chosen by the glass industry as the source 
of alumina needed to improve the workability of molten glass, 
to retard devitrification, and increase chemical stability of 
the finished product, because it contains about 2 0% alumina 
plus other elements needed in glass. In addition, feldspar
1
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melts at glass tank temperatures and was readily available.
The feldspars are the most abundant minerals of all since 
they are constituents of igneous rocks. The type of rock 
which fits the requirements of the glass industry can by ob­
tained from acid igneous rocks which contain orthoclase, 
microcline, or porthite. Many pegmatites, although coarse 
grained as compared to other granitic rocks, consist of a 
mixture of minerals so intimately intergrown that feldspar 
cannot be separated by handsorting. In the late 19401s, 
the adoption of flotation, electrostatics, agglomeration, 
tabling, and high intensity magnetic separation was possible 
to treat these materials ( 2 ).
Use of Flotation for Concentration of 
Feldspar Ores
Flotation is used in nine of the ten feldspar plants built 
in the Eastern United States since 1945, and the plants using 
flotation have about 82% of the total Eastern production capa­
city. In Mexico, flotation is used in 100% of the production 
of silica and feldspar for the glass industry.
The quality reached by flotation must be: pure quartz
sand and feldspar, essentially free of inclusions, stains, 
coatings, or detrital minerals. It is difficult to generalize 
on specifications; however, silica sand and feldspar must not 
depart from a specified particle size distribution.
The products pass essentially through a 20 mesh sieve
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and can have between 1-4% retained on 30 mesh. (It is a good 
product when a great proportion of the material is between 
30-100 mesh.) With a maximum between 2-5% passing 140 mesh. 
Uniform grain size is an important consideration as it pro­
motes even melting in the glass tank. Usually, there is no 
problem in making this size distribution for feldspar because 
it is softer than quartz.
From a compositional standpoint, iron and aluminum are 
the most common undesirable elements. The presence of only 
a small percentage of iron colors glass green, a mixture of 
the blue of ferrous iron and the yellow of ferric iron. The 
Fe2^3 content of a quality glass sand is less than 0.03% and 
sometimes can increase as high as 0.045%. However, then ex­
pensive deodorizers must be employed. The usual maximum 
acceptable level of FegOy in feldspar for flint glass is 
0.09% and most glass grade feldspar contains only 0.05 to 0.08%.
The specification for the Al^O^ content of silica sand 
is a maximum of 0.05%, although it is appreciated if the pro­
duct has a constant content of Al^O^ lower than 0.03%.
The AlgOg content in feldspar varies from as low as 17.5% 
for -40 mesh feldspar for flat glass to greater than 20%.
Feldspars having a potash-to-soda ratio of 4 or 5 to 1 
still have a better market in the glass industry, although 
it is common to have as low as a 3 to 1 ratio.
Especially in flat ware, chromite is highly detrimental 
because of its high melting point, survival in the melt gives
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rise to unslightly stones in the product.
Trace quantities of cobalt which is a powerful colorant 
are objectionable in values as low as 2 ppm.
Many of these specifications may be relaxed somewhat 
for some types of amber glass products.
Plant Practice
Cationic reagents, particularly amines, are selective 
to minerals which have a high concentration of negative sur­
face charge, such as quartz and feldspar. Before there can 
be a selective flotation process, there must be liberation 
of specific minerals from one another. This liberation is 
achieved for many of the nonmetallic minerals between 14 and 
35 mesh. In the majority of the plants in Mexico, good lib­
eration is achieved at 20 mesh.
A typical procedure to accomplish this mineral separa­
tion is as follows :
1) Crushing: usually done dry in one or two stages.
Some of the ores need very limited or no crushing.
2) Grinding : Ground wet in rod mill, usually in closed
circuit with screens to minus 20 mesh or finer.
3) Classification : Removal of slimes following grind­
ing is a necessary step to economize on reagents in 
flotation. This is usually done with rake classi­
fiers. Sometimes intermediate stages of scrubbing 
are needed to liberate the clay slimes which stick
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to the grains of silica and feldspar.
4) Flotation: At this stage, the ore is ready for flo­
tation. The order of flotation can vary from plant 
to plant, but a typical order is as follows :
a) Bulk Flotation: In this flotation, the objec­
tive is to separate silica and feldspar from 
other silicates. The collector is an amine, 
the pH is between 6 and 8 , and depressant is 
starch, and frother. This flotation is greatly 
affected by slimes and the concentration of 
these can vary the collector concentration 
from 1 lb/ton to 4 lbs/ton.
b) Mica Flotation: Usually an economic process
does not contain both bulk flotation and mica
flotation. Mica is floated in a sulfuric acid 
circuit (pH approximately 3.0), using 0.05 to 
1 lb/ton of tallow amine acetate ( 3 ) and a 
frother, usually pine oil.
c) FegOg Flotation: In the mica concentrate a
large amount of iron and titanium is floated.
This is one of the most important parts of the 
process. In some plants, it is the only flota­
tion that they have. The collector is a sulfonate 
and it has a level varying from 1 to 2 lb/ton ore. 
It is carried out in a sulfuric acid circuit at pH 
of about 3-4.5, using pine oil as a frother and
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conditioning at a high percent solids, about 70.
An excess of amine in either the bulk or mica 
flotation will increase the consumption of sul­
fonate in this flotation step. Therefore, there 
is a very close relation between these two stages,
d) Feldspar Flotation: The feldspar is floated from
the silica with 0.3 to 1 lb of amine/ton in a 
hydrofluoric acid circuit (pH of 3). The fluor­
ide ion activates the feldspar and/or depresses 
the silica sand. A combination of sulfuric and 
hydrofluoric acids can be used. Again, the amount 
of sulfonate collector used in the iron flotation 
has a direct influence on the amount of collector 
needed for a good separation.
Review of Electrokinetic and Flotation 
Research on Quartz and Feldspar 
Quartz and Cationic Collectors. Cationic flotation of quartz 
has been thoroughly studied and a brief account is given here 
of the findings.
DeBfûyn (4 ) studied the adsorption of dodecylammonium 
ions at the quartz-solution interface as a function of collec­
tor concentration and pH. He found that up to 10 the ad­
sorption density (F) is proportional to the square root of 
collector concentration. Except at high concentration, F is 
increased with increasing pH, but in general, this effect is
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surprisingly small.
Gaudin ( 5 ) studyied the adsorption of dodecylammonium by 
quartz and found that T = k /c 
where K = constant
C = concentration of dodecyclammonium 
The amount adsorbed in a flotation operation giving almost 
complete recovery can be only 5 percent of the amount required 
for a monolayer ( 5).
The effect of iron oxides slime coatings on the flotation 
of quartz with dodecylammonium acetate as collector was studied 
by Fuerstenau ( 6 ). A correlation was found between coating 
density and decreased recovery of quartz.
Knot ( 7) investigated the adsorption of long-chained 
amines on quartz, and found that the amine adsorption on the 
quartz surface is a function of the preparation of the quartz 
sample used and that the adsorption density increases as the 
chain length is increased.
The effect of cations on the amine flotation of quartz 
was studied by Hopstock ( 8 ) who found that sodium, calcium, 
and magnesium ions have a depressing effect on the amine flotation 
of quartz. While all these ions acted as depressants, sodium 
was the least effective and magnesium was the most effective.
Smith ( 9 ) investigated the coadsorption of the dodecyla- 
mine ion and molecule on quartz, giving the theory that the 
ions and neutral molecules of the dodecylamine together will 
provide the hydrophobic surface and be responsible for flotation.
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Quartz with Anionic Collectors. The activation effect of 
various cations, Fe , A1 / Pb , Mn , Mg , and Ca on 
the sulfonate flotation of quartz was studied by Fuerstenau 
(10) . These cations act as activators when the pH is such 
that the cation hydrolyzes and the collector could be in 
the form of a cation-hydroxy-sulfonate.
Cooke (11) investigated the activation of quartz with
++calcium ion. A mechanism was developed in which Ca ions
+ +compete for the surface of quartz with Na and H ions. The 
collector was sodium oleate. It was found that the higher the 
concentration of hydrogen ions and sodium ions, the more cal­
cium ions were required to activate the quartz.
Cooke (12) studied the flotation of quartz using calcium 
ions as activators and concluded that the activation may be 
explained on the basis of exchange of hydrogen ions on the 
quartz and calcium ions in the solution. At high sodium ion 
concentration, sodium will depress calcium activated quartz 
by removing the calcium.
The response of quartz to sulfonate flotation at various 
pH was also studied by Fuerstenau (1). Unleached quartz was 
found to give good recoveries between pH 2-6.
The role of basic aqueous complexes in anionic flotation 
of quartz was investigated by Fuerstenau (13). In the presence 
of calcium flotation is obtained with the 9, 10, and 11-carbon 
members before precipitation of the calcium carboxylate. The 
active speciesresponsible for flotation was suggested to be
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Ca(OH)(RCOO)aq.
Fuerstenau (14) investigated the importance of iron in 
the flotation of some silicates. The iron adsorbed during 
wet grinding increased the recovery of quartz using a sul­
fonate as a collector. No flotation was obtained with the 
dry ground,unleached quartz at any pH. The possible mechan­
ism of collection involves a Fe(OH)(RSO^)(S)or (aq)’
Information on the surface characteristics of the silicate 
minerals was obtained by Deju (15), correlating the oxygen- 
silicon ratio of the silicates with their electrokinetic pro­
perties. The zero point of charge of quartz was reported to 
be between 1.4 and 3.7 depending upon the time of leaching.
The zero point of charge of the leached and purified sample 
may be less than that of the impure sample.
Lead activation in sulfonate flotation of quartz was 
investigated by Fuerstenau (16). Lead activates quartz be­
tween pH 6-12 at low additions of sulfonate. The speciesre- 
sponsible for flotation was shown to be Pb(OH)+ which in the 
presence of sulfonate forms a Pb(OH)(RSOg), the apparent col­
lector in this system.
Calcium activation in sulfonate and oleate flotation
of quartz vas investigated by Fuerstenau (17). He found
that some of the calcium in the form of CaOH+ at moderately
high pH values, acts as an activator. The.collectors are
suggested to be [Ca(OH+)(RSO^) ] and/or [ (CaOH+ ) (RSOÔ) ]c •-3 aq .3 s
The effect of HaCl^ and other activators on the soap
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flotation of quartz was studied by Schuhmann (18). Ba+ + , Ca++ ,
Al+++ and Fe+++ all serve as activators for quartz over wide 
pH ranges when they are in stoichiometric excess over the 
quantities required to form normal soaps with oleic acid. 
Feldspars with Anionic Collectors. Adsorption and flotation 
studies on plagioclase were made by Escallera (19). Flotation 
of minerals of the plagioclase class increase in the order 
albite -> labradorite > anorthite, for the same collector 
concentration and pH. The attachment of the sulfonate collec­
tor to the surface was proposed to be due to formation of basic 
sulfonate salts in solution followed by a covalent bond for­
mation between the Si-OH or Al-OH groups and the basic sul­
fonate compound. The flotation of plagioclase with sulfonate 
was governed by Al+++ and Ca++ hydrolysis.
The zero point of charge of microcline and albite was 
measured by Deju (15) and related to the oxygen-silicon ratio. 
The values for the zero point of charge for samples very pure, 
crushed dry, iron free, unleached, were: albite, 2.00 and
microcline, 2.4.
The surface properties of the aluminosilicates were studied 
by Smolik (20). The zero point of charge of these solids lies 
between that of silica and alumina. The surface properties of 
the aluminosilicates was explained in terms of the fraction of 
the surface that is composed of SiO bonds and A10 bonds.
Fuerstenau (14) studied the electrophoretic mobility of 
microcline and found that the extrapolated zero point of charge
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of microcline is about pH 2, and studied the response of micro­
cline and albite to sulfonate flotation using iron as a cation 
activator.
Fuerstenau (i) also investigated the response of unleached 
microcline to sulfonate flotation. The very low recovery ob­
tained was attributed to SO^ depression. (Sulfuric acid and 





APPLICATION OF SOLID-AQUEOUS SURFACE CHEMISTRY 
TO NON-SULFIDE FLOTATION
General Double Layer Theory 
A very important factor in the flotation of oxides and 
silicate minerals is the electrical double layer, since the 
collector seems to act as a counter ion at the solid-liquid 
interface.
A schematic representation of the double layer and the 
potential drop across the double layer is as follows :
ion
The surface charge, as, is due to the potential determining 
ions. In the case of oxides and silicates minerals, the 
potential determining ions are H+ and OH . A potential de­
termining ion is one which can be incorporated in the sur­
face lattice of the solid or react at the surface (2 1 ).
The double layer must be electrically neutral. That is,
12
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the surface charge, as , is equal to the diffuse layer charge, 
due to an abundance of counterions and a deficit of coions, 
ij; is the surface potential drop across the double layer 
and it can be divided into two parts : ^ ̂  over the diffuse part
of the double layer and between the surface and the first
layer of counterions (3 ). is assumed to be the zeta poten­
tial Ç.
In most systems, cannot be measured, but can be calcu­
lated. The dependence of the magnitude of on the activity 
of the potential determining ion is given by (2 1 )
. _ RT , (A potential determining ion)aq____
™o ZP n (A potential determining ion)at zpc
where-: R = gas constant
T == temperature in degrees Kelvin
Z = valence of the counter ion
F = Faraday constant
There is a certain concentration of potential determining
ions in solution at which the surface is uncharged and no double
layer exists. When this occurs, this point is called the "zero
point of charge" of the material.
Each solid has corresponding potential determining ions. In
-f —the case of oxides, they are H and OH ; in the case of ionic
solids, they are the ions constituting the crystal lattice.
+ —As the H and OH ions are the potential determining 
ions in silicates and oxides, consequently control of the pH 
of the flotation liquor should be exceedingly important. In
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addition, pH is a very important factor because of the disso-
"f" —  —ciation of the collector used such as RNHg, RSO^, or RCOO .
Thus, when a separation of two oxides is required by 
flotation data, the zero point of charge is very important. 
Apian and Fuerstenau (3) give some examples of values of 
the zpc of different minerals, e.g.:
Potential Determining Ions
Quartz pH = 2 to 3.7 H+, 0H~
Corundum pH = 9.4 H+ , OH”
Rutile pH = 6.0 H+ , OH"
Casiterite pH = 4.5 H+ , OH”
AgCl (21) pAg = 4 Ag+ , C1‘
Ag2S (21) pAg = 10 Ag+ , s=
BaS04 (21) pBa = 5 Ba++, S04:
From a general point of view, in most cases a depression of 
oxide type minerals is needed and this can be accomplished by:
1) Reversal of ^o* For example, if the collector is 
anionic RCOO” and a separation by flotation between 
quartz and rutile is needed at pH = 5, the rutile
is positively charged and the quartz should be nega­
tively charged. Therefore, in a pure system, good 
flotation of rutile should be expected and depression 
of quartz.
2) Ionic competition. For example, if it is a physical 
adsorption and the collector is anionic and the sur­
face is positively charged, the addition of anioAs 
may produce a depression due to ionic competition 
for the surface of the minerals.
3) Prevent adsorption of collector by complexing or
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precipitating the activating ion. For example, in a 
system of quartz, ferric ion sulfonate as the anionic 
collector, the iron at a certain pH (2.2 to 3.5) acts 
as an activator. But if the pH is increased to a 
value greater than 3.5, the following reaction could 
occur :
-4--4- -4- —  x
2F e (surface) + 30H + F e 2 (0H)3 (surface)
causing a depression of the quartz.
4) Due to slimes coatings. For example, the addition 
of microcline slimes to a quartz-sulfonate system 
studied in this work. The effect of pH and ferric 
oxide slimes on the flotation of quartz with dodecy- 
1ammonium acetate as a collector reported by Fuer­
stenau (3). In this case, pH is potential deter­
mining for each solid and controls the sign of the 
surface charge, when ferric oxide slimes and quartz 
are oppositely charges, the slime coating is heavi­
est, and the recovery lower.
Electrostatic Adsorption (Physical)
Physical adsorption equilibrium is very rapid in attain­
ment and is a reversible process, It is thought that this 
type of adsorption occurs as a result of the same type of 
relatively nonspecific intermolecular forces that are re­
sponsible for the condensation of a vapor to a liquid.
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In the case of physical adsorption, the adsorbed sub­
stance and the crystal latice of the adsorbent should be 
shown as two independent systems.
In physical adsorption, a simple reduction of reagent 
concentration in a solution shifts the adsorption 
equilibrium and causes the reagent to pass from the 
mineral surface into solution, right up to the point 
where the surface is completely free from reagent.(3)
In contrast with chemical adsorption, this process is: 
non-selective, gives a more even distribution on the adsor­
bent surface, the heat of adsorption is fairly low, and it 
is reversible and the same species desorbs.
Chemisorption
Chemisorption usually involves stronger forces binding 
the molecules to the surface and the process is often irre­
versible at moderated temperatures. The definition of chemi­
sorption is often arbitrarily referred to as an adsorption 
process in which the adsorbate attaches to the surface of 
the adsorbent with a molar face energy of 10 Kcal or greater 
(3).
Characteristics of chemisorption are :
1 ) heat of adsorption is usually high since a kind of
chemical bond formation is involved.
2) may have high activation E and may only proceed at a
reasonable rate above certain temperatures.
3) there is a limit to the amount adsorbed and this
corresponds to a monolayer.
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4) may be irreversible or may be reversible but not in­
volving the same species, but some dérivâtes.
Several examples of chemisorption are reported by Fuer-
stenau (3):
1) Heraneihiol chemisorbs on the surface of Zincite
(ZnO) and Willemite (Zn^SiO^) forming a strong zinc-
mercaptan bond.
2) Oleic acid will chemisorb on fluorite ^CuF^) forming 
strongly adsorbed films which are difficult to re­
move .
3) Oleic acid on barite (BaSO^).
4) Oleic acid on Calcite (CaCOg).
Infrared spectroscopy has been particularly useful in 
characterizing several adsorption processes since vibrational
modes of the adsorbate in situ may be obtained by this tech­
nique. In most of the cases, it is possible to distinguish 
between physical and chemical adsorption.
Little (22), for the system ammonia-porous silica glass, 
has found physical and chemical adsorption involved simul­
taneously.
Flegmann (23), for the system kaolinite, sodium hexadecyl 
sulphate, has found that adsorption of the detergent appeared 





The amine flotation of quartz and feldspar has many 
problems some of which are outlined below:
1) Large consumption of reagent due to slimes
2) The change of cationic collection (quartz and feld­
spar) to anionic collection generates an increase in 
the consumption of reagents
3) The instability of the amines before and after 
preparation for flotation
4) The lack in quality control of the amine producers
5) The high cost per pound ($2.00).
In addition to all the above problems, there is a short­
age of the product which sometimes cannot be found in the 
market at any price. Because of these reasons, some of the 
Mexican plants may close down unless an alternative collector 
can be used.
Beginning in 1934, Kraber and Boppel (24) showed that 
quartz could be floated with a sulfonate and many workers 
have since researched this field (i, 10, 13,19, etc.). How­
ever, no flotation plant has reported the use of sulfonates 
as collectors in plant practice.
When, for the reasons mentioned above and almost without
18
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laboratory test work, the sulfonate flotation of quartz and 
feldspar was tested at a plant scale, the whole picture be­
came even more complicated, for even though a certain success 
was achieved, many new questions arose.
As always happens on a plant scale, with many variables 
acting at the same time, the specific effect of each one of 
them is difficult to appreciate and only the overall effect 
could be seen. For example, it was observed that when the 
ore came to the flotation stage "clean," that is, with small 
amounts of clay in it, poor recoveries were obtained. Good 
recoveries were achieved with NaOH at a pH greater than 11. 
Addition of calcium at a pH greater than 11 gave a low con­
sumption of collector.
The interest in studying this system after the plant 
test work can be related directly to an economic point of 
view due to the advantages that the flotation of quartz and 
feldspar with sulfonates has as compared to the use of amines.
Proposed Experimental Work Towards 
Understanding the Problem 
The objectives of this engineering report are to study 







The following aspects may effect a better understanding 
of the sulfonate flotation at a plant scale:
1) The effect of ionic strength and pH on quartz flota­
tion with sulfonate.
2) The effect of microcline slimes and pH on quartz 
flotation with sulfonate.
3) The effect of clay slimes and pH on quartz flotation 
with sulfonate.
4) The recovery of albite by sulfonate flotation as a 
function of pH.
5) The recovery of microcline by sulfonate flotation as 
a function of pH.
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CHAPTER FOUR
EXPERIMENTAL MATERIALS, REAGENTS, AND PROCEDURES
Quartz
The material, originally pure quartz crystals from Brazil, 
was prepared by:
1) Hand grinding in a ceramic mortar
2) Screening to obtain a 65 x 100 mesh fraction
3) Leaching with concentrated hydrochloric acid until
no iron was detected in the leach liquid with sodium 
th iocyanide
4) Washing with conductivity water until the liquor 
attained the same pH as the wash water
5) Drying at ~110°C.
Some of the sized quartz used in the present work had 
been leached to be used in previous investigations at the 
Colorado School of Mines.
A portion of this material was examined by X-ray diffrac­
tion (Plate 1) and an emission spectographic analysis was made 
in order to approximately the amounts of the main impurities 
in the sample (see Appendix 1).
Natural Microcline
The material microcline was a sample.of unknown origin 
used in a previous investigation at the Colorado School of
21
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Mines. For the preparation of this sample, the following pro­
cedure was used:
1) Grinding in a ceramic mortar
2) Screening to obtain a 65 x 200 mesh size fraction
A portion of this material was also examined by X^raydiffrac­
tion and emission spectrum techniques. The results are shown 
in Plate 2 and Appendix 1.
Leached Microcline 
In addition to the steps enumerated above for natural 
microcline, this sample was :
1) Leached with concentratedhydrochloric acid until no
iron was detected in the leach liquor with sodium
thiocyanide
2) Washed with conductivity water until the liquor was
at the same pH as the wash water
3) Dried
A portion of this material was also examined by X^ray diffrac­
tion in order to ascertain if the leaching treatment had an 
appreciable effect on the crystal structure. It can be seen 
from Plate 2 that no change was evident.
Also, an emission spectrographic analysis was run to 
find approximate values for the main impurities remaining 
in the sample. The results of this are given in Appendix 1.
ER-1664 23
Natural Albite
The sample was kindly supplied by the Geological Museum 
at the Colorado School of Mines, and the following steps in 
its preparation were taken:
1) Grinding in a ceramic mortar
2) Screening to a -65 + 200 mesh
Some of this material was examined by *ray diffraction and 
identified as albite. These results are shown in Plate 2. 
The emission spectrographic analysis is reported in Appendix 
1 .
and similarly in this sample, no appreciable effect of the 
leaching was noticed(see Plate 2). The results of the emis­
sion spectrographic analysis can be found in Appendix 1.
MontmorilIonite 
This material was kindly supplied by Professor N. C . 
Scheiltz and was extensively studied by Kerr (25) and has 
the following chemical analysis :
%
Leached Albite

















A portion of this material was also examined by Xray diffrac­
tion (Plate 1).
Water
Conductivity water was used in all the experimental 
work and was made by passing distilled water through a glass 
still and an ion exchange column, then distilled again. The 
water after this treatment has an average measured conduc­
tivity of 2.5 micromhos.
Reagents
All the chemicals used in this investigation were 
reagent grade. Sodium dodecyl sulfonate from Aldrich Chemi­
cal Company was the collector used in this study. It had 
the following proprieties: 
sulfonate content >99%
number of carbon atoms in hydrocarbon chain: 12 
physical form: solid, finely ground
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Equipment
Hallimond Tube. The Hallimond tube, an improved laboratory 
flotation cell described by Fuerstenau (26) . was used in this 
work. The cell, shown in Plate 3, uses a single capillary 
for N2 inlet, agitation is made with a magnetic stirrer and 
a magnet coated with polyethylene. The well of the cell is 
made of pyrex glass.
Unfloated material remains in the bottom of the cell 
and floated material lies over the capillary tube at the 
bottom. The flow of ^  through the cell has been calibrated 
by water displacement as shown in Figure 1.
The Hallimond tube has four advantages :
1 ) small charges of pure material can be used
2 ) neither the reagent concentration nor the amount of 
liquid changes during the flotation test
3) operating variables such as reagent concentration, 
conditioning time, flotation time, degree of aera­
tion, agitation within the cell, etc. can be accur­
ately .controlled
4) system contamination is reduced since no contact 
with metallic components is involved.
Plate 4 is a picture of the whole system in which it 
may be observed the flow of Ng gas first to a container full 
of sodium hydroxide and ascarite for removal, then to a
nitrogen reservoir and finally, to the cell.
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Diffraction Equipment. The diffraction equipment used in the 
present work was a Phillips electronic instrument. Model 
22261-5.
Emission Spec^ Equipment. The emission spectrographic equip­
ment used in the present work was a National Spectrographic 
Laboratories Inc. instrument, model Grating Spectrograph. 
Zeta-Meter Equipment. The Zeta meter equipment used in the 
present work was a Zeta Meter Inc. instrument.
Experimental Procedure 
Flotation. Experiments were conducted at room temperature 
with the following procedure:
1) Predetermined volumes of conductivity water and 
salt solution (e.g. NaClO^, CaGl^.2E^G, etc.) were 
combined and the pH was adjusted to the desired 
value.
2) A given volume of sulfonate solution was added 
so that the final solution volume was 300 cc.
3) One gram of sample (unless otherwise specified) 
was added to 40 cc of the solution and the system 
was conditioned for different amounts of time depend­
ing on the sample (5 minutes for quartz and 45 min­
utes for the plagioclases).
4) A volume of 420 cc of N^ was passed through 
the cell at constant pressure for 5 minutes.
5) The final pH of the pulp was measured.
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6 ) The tails and the concentrate were removed from the 
cell, dried, and weighed.
Electrokinetic Measurements. In order to determine the 
zero point of charge of the quartz sample, the following 
procedure was used:
1) A portion of the original sample was ground down in 
a ceramic mortar.
2) The coarse material was separated by settling and 
the finer material was used in the test.
3) A known volume of solution (10  ̂ molar of NaClO^)
was added to the fine quartz in order to make a 0 .1 % 
suspension.
4) The pH was adjusted to a desired value with HCIO^.
5) The zeta potential was measured as a function of pH 













These systems are discussed separately as follows.
A(i) Quartz~Sodium 
In this series' of experiments, the recovery was measured 
as a function-of pH at constant NaClO^ additions using 10  ̂ M 
sodium dodecyl-sulfonate.
As shown in Fig. 6 with no NaClO^ addition, a weak col­
lection was achieved through the whole range of pH. From pH 
3 to 9, there was almost a constant recovery of quartz. Be­
low pH 3, a slight decrease in recovery and above pH 9 a more 
pronounced decrease in recovery was observed.
With increasing constant additions of sodium perchlorate 
the same characteristic shape of curve was observed, with a
28
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slight increase in recovery at all pH values except those 
above pH 12, where the curves become coincident.
Zeta Potential of Quartz. The zeta potential of quartz as a 
function of pH was measured and the results are shown in Fig. 9.
The measurement of the zeta potential at pH below 2.75 
was very difficult due to the high concentration of ions. As 
can be seen in Fig. 9, as the pH decreased, the negative value 
of the zeta potential became smaller. Extrapolation of the 
curve shows the zero zeta potential to occur at approximately 
pH = 1.75.
A(ii) Quartz-Calcium 
In this series of experiments, the effect of pH on the 
recovery of quartz was studied, and the results are shown in 
Fig. 7. It can be seen that the recovery of quartz has an 
almost constant value from pH 0.5 to 7.5. From 7.5 to 9.5, 
a slight increase in the recovery of quartz as a function of 
pH was noticed. From pH 9.5 to 11.5, a drastic increase in 
the recovery of quartz can be seen with a maximum at pH=ll.5. 
Above pH 11.5, a decrease of the recovery can be observed.
A(iii) Quartz-Sodium+Calcium 
In this series of experiments, the recovery was measured 
as a function of four different parameters. The parameters 
were: flotation time, flow rate of cc/min, conditioning
time, and pH. The results were as follows:
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- 51. Flotation Time. At constant additions of 5 x 10
M NaRS03 , 1.62 x 10“4M Ca++, 1 x 10""3M NaC104 , and 
pH = 11.33-11.35, a series of experiments was run 
to show the effect of flotation time (min) on the 
recovery of quartz. The results are shown in Fig.
2. A continuous increase of the recovery as a func­
tion of flotation time was observed up to five min­
utes, at which point the curve began to flatten and 
the recovery became constant.
2. Flow Rate of N? cc/min. At constant additions of 1 x 
10“4M NaRS03 , 1.62 x 10”4M Ca++, 1 x 1CT3M NaClO^, 
and pH = 11.0-11.08, a series of experiments was
run in order to study the effect of flow rate on the 
recovery of quartz. The results shown in Fig. 3 in­
dicate a continual increase of the recovery as a func­
tion of flow rate. The curve seems to begin to flat­
ten at a flow rate of 84 ML of N 2/min.
3. Conditioning Time. At constant additions of 1 x 10 
NaRS03 , 1.62 x 10 M Ca , 10 M NaClO^, and pH =
11.34-11.35, a series of tests was run in order to 
ascertain the effect of conditioning time on the re­
covery of quartz. From the results shown in Fig. 4,
it can be observed that after a very short time (~ 5
seconds) equilibrium is achieved and from this point
onwards, an almost constant value of the recovery of 
quartz was obtained.
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4. pH. Holding constant a sulfonate concentration at 1 x 
10 and the inorganic salts at 1.62 x 10 CaClg.
2H^O and 1 x 1 0  NaClO^, the variation of the recov­
ery as a function of pH was investigated. The results 
are shown in Fig. 5. From this figure it can be seen 
that the recovery of quartz showed a slight increase 
from pH = 0.8 to pH = 10.5. Above pH = 10.5, the re­
covery increases rapidly until a maximum was reached 
at pH = 11.6. A continuous decrease can be observed 
for pH greater than 11.6 through 13.
A comparison of the three systems, quartz-sodium, 
quartz-calcium, and quartz-sodium+calcium is shown in 
Fig. 8 . Between pH 0 and 8.5, the recovery for quartz- 
calcium is the lowest one, followed by the quartz- 
sodium+calcium and the upper curve is the one for the 
system quartz-sodium. For pH values greater than 8.5, 
the curve for quartz-sodium begins to decrease slightly, 
becoming the lowest curve at high pH. From pH 8.5-13, 
the curve for quartz-calcium and quartz-sodium+calcium 
becomes essentially the same, increasing to a maximum 
value of pH = 11.5-11.6, and decreasing after this point.
A(iv) Inorganic Salt Effects 
In this series of experiments, the effect of inorganic 
salts on the recovery of quartz at different concentrations of 
sulfonate and pH was studied. The results are divided into four
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sections, as follows :
-51. pH = 5>1-5.3 and 1x10 M NaRSO^ . As can be seen in Fig.
1 0 , the recovery in the presence of inorganic salts de-
- 4creased in the following order: NaClO^, NaCl, 0.5x10 M
- 4CaClg, no inorganic, KCIO^, 1x10 M CaCl^, and KC1.
-42. pH = 5.1-5.3 and 1x10 M NaRSO^ » From the results shown
in Fig. 11, it can be observed that the recovery of 
quartz as a function of the inorganic salts decreased
in the following order: NaClO^, KCIO^, no inorganic,
KCl, and NaCl.
3. pH = 11.60-11.77 and 1x10 NaRSO^« The results are 
shown in Fig. 12. The recovery of quartz as a func­
tion of inorganic salts decreases as follows : NaClO^, 
NaCl, KCIO^, no inorganic, Na^EC^, and KCl. The ca­
tion effect at this pH is affected by the amount of Na 
from the NaOH used for pH adjustment.
4. pH = 2.5-2.7 and HC1, HCIO^(H^SO^). The effect of dif­
ferent acids on two collectors is included in this sec­
tion of Inorganic Salts. The results are shown in Fig. 
13. For the two collectors used, the recovery using 
HCIO^ was greater than the recovery using HC1. The re­
covery using H^SO^ was greater than the recovery using 
HCIO^ and HC1 when NaRSO^ was used as the collector.
B. Microcline
In this series of experiments, recovery was measured for 
leached microcline and natural microcline as a function of the
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following parameters:
1. Conditioning Time. The recovery of leached microcline 
as a function of conditioning time (min) at constant 
addition of 1 x 10 NaRSO^ and pH = 5.3-5.5 was in­
vestigated. The results are shown in Fig. 18. The 
recovery of leached microcline increased rapidly, 
until a value of conditioning time of 5 min was 
reached, when the curve began to become constant
up to a value of 120 minutes.
2. pH (Natural Microcline). The recovery of natural mi­
crocline as a function of pH is shown in Fig. 20, at
-4 -3constant additions of 1 x 10 M NaRSOg and 1 x 1 0  M
NaClO^. The recovery is almost independent of pH 
as can be seen from Fig. 20, giving an almost straight 
line, with a very slight decrease for pH values greater 
than 9, and less than 5.
3. pH (Leached Microcline). The recovery of leached 
microcline as a function of pH at constant additions
-4 -3of 1 x 10 M NaRSOg and 1 x 10 NaClO^ is shown in 
Fig. 21. The recovery increased from pH = 0.8 to 
pH = 5.3, having an approximately constant value for 
pH between 5.3 and 9.2, and from 9.2 up to 12.5 as
showing a slight decrease.
4. Effect of Inorganic Salts. Figure 22 shows the re­
covery of leached microcline as a .function of pH and
-4ionic strength at constant additions of 1 x 10 M 
NaRSOg. The curve obtained for the recovery of
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microcline with no inorganic salt added is essen-
-3tially the same as when 10 M NaClO^ was added. It 
has the same shape of curve as described above for 
leached microcline.
C. Albite
The results of this series of experiments are divided 
as follows :
1. Flotation Time. The recovery of leached albite was
investigated as a function of flotation time (min) at
-4constant additions of 1 x 10 M NaRSO^ and pH = 5 . 1 -  
5.3. The curve shown in Fig. 17 shows a continual 
rise over the range of flotation time studied.
2. Conditioning Time. Fig. 19 shows the effect of con­
ditioning time on the recovery of natural and leached
-4albite at constant additions of 1 x 10 M NaRSO^ and 
pH values ranging from 5.1-5.3. Both curves show an 
increase in recovery with conditioning time, up to a 
value of 45 minutes. The natural albite curve for 
longer than 20 minutes is always below the curve for 
leached albite. For less then 20 minutes the curves 
cross over but the values for both are approximately 
the same.
3. pH (Natural Albite). The recovery curve for natural 
albite as a function of pH at constant additions of 
1 x 10 NaRSOg and 1 x 10 NaClO^ is shown in
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Fig. 20. The recovery of natural albite was an al­
most independent function of pH with a slight decrease 
above pH 7 and a slight increase above pH 9 up to
11. 6 .
4. ph (Leached Albite). Figure 21 shows the effect of 
pH on the recovery of leached albite at constant 
additions of 1 x 10 NaRSO^ and 1 x 10 NaClO^. 
From pH 0.7 to 5.3, no change in the recovery of 
leached albite was observed. Above pH 5.3-8.5, a 
decrease of the recovery can be seen in Fig. 21. For 
pH values greater than 8.5, a slight increase was ob­
served up to a pH value of 11.5.
5. Concentration of Sulfonate-Leached Albite and 
Natural Albite. The effect of collector concentra­
tion on the recovery of leached albite is shown in 
Fig. 23, as a function of pH. It can be seen that
an increase in collector concentration from 1 x 10 
-4to 1 x 10 M will increase the value of the recovery
of leached albite through the whole pH range. The
shape of the curve has been already described in the
leached albite section.
Two experiments were run at pH = 5.3 and a con-
-4centration of 2 x 10 M to give an idea where the
curve for this concentration would lie. As can be
-4observed, compared with the curve of 1 x 10 M, an 
appreciable increase was noticed.
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A similar behavior was found to occur for natural 
albite with respect to collector concentration. The
results are shown in Fig. 24 for two collector con-
-4 -5centrations of 1 x 10 M and 1 x 10 M.
D(i) Quartz-Microcline Slimes 
The effect of microcline slimes on the recovery of quartz 
as a function of pH is shown in Fig. 14, holding NaRSO^ at 1 x 
10"4M and NaC104 at 1 x 10”3M.
The curve described in the quartz-sodium section is taken 
as a base for 0 gr/lt of microcline slimes. When 0.16 gr/lt 
were added, a depression of quartz was found to occur being 
slightly stronger in the range between pH 7 and 11.5 than be­
tween the pH range of 2.5-7. A stronger depression is reached 
if the concentration is increased to 0.33 gr/lt giving an al­
most constant value throughout the range of pH.
At a concentration of 0.66 gr/lt, the recovery curve 
shows a slight increase between pH 2 and 7. Above pH 7, an 
almost constant value was obtained.
D(ii) Quartz-Montmorillonite Slimes 
The recovery of quartz is a function of pH at constant
-4additions of montomorillonite/lt (holding NaRSO^ at 1 x 10 M
-3and NaClO^ at 1 x 10 M) were studied. The results are shown 
in Fig. 15.
The curve described in the quartz-sodium system is again
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used here as a base for 0 gr of clay added per liter. When 
0.016 gr/lt were added, a depression of the quartz was found 
to occur over almost the entire range of pH. At a high pH 
(11.5) there is no depressive effect noticed. As the con­
centration of clay is increased, the depression of the curve 
becomes less in the pH range between 2 and 10. At pH greater 
than 10 for all the concentration curves, there is an increase 
in the recovery, this being stronger for a concentration of 
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DISCUSSION OF RESULTS 
The experimental results revealed that leached quartz 
is weakly activated by sulfonate alone but responded well to 
flotation at high pH values in the presence of Ca ion. These 
observations are in partial agreement with previous investi­
gations (10, 12,17). Albite and microcline are floated by 
sulfonate over the entire range of pH, which is in agree­
ment with Bhappu (19),, although his recovery was lower than 
the present work.
For the purpose of clarity in the analysis of the experi­
mental data, the following systems are considered:
1 . Quartz-sodium
2 . Quartz-calcium
3. Quartz-sodium and Calcium





In accordance with the method proposed by Fuerstenau 
(26) in the handling of the Hallimond tube for better flota­
tion testing, a set of tests was designed in order to obtain 
the "optimum" flow rate of N^/min (see Fig. 3). From this 
test, it was decided to work at 84 cc of N^/min.
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A set of tests was then designed to obtain the "optimum" 
flotation time according to Mular and Bull's concept of the 
concentration at infinite time (28)- The curve in Fig. 2 
began to flatten at about 5 minutes and this was the time 
chosen for the test work.
With these values of ^  flow rate and flotation time 
fixed, another set of experiments was designed to find the 
"best" conditioning time. The results of these experiments 
are shown in Fig. 4. From these results, a conditioning time 
of 5 minutes was chosen.
These preliminary tests were made for the following 
reasons :
1) The correct values of these parameters were not 
found in the literature, but it was considered of 
primary necessity to fix them in order to avoid 
further misinterpretation.
2) Working with the optimum values of these parameters 
it is probable that the experimental error at high 
recoveries will be less significant than at low 
recoveries.
Quartz-Sodium
The mechanism of collection could be due to Na+ -adsorp­
tion on the surface of the silica, which is negatively
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charged (see Fig. 9). From pH 1.75 to 14, flotation is 
apparently due to a coulombic attraction between the Na ion 
adsorbed on the silica surface and the collector ions.
The decrease in recovery below the zero point of charge 
could be due to an ionic competition for the surface between 
the sulfonate and the ClO^. As. the pH was increased, the 
amount of sodium ions added to the system was also increased 
and, at the same time, the surface of the silica became more 
negative and the overall result was a slight increase of the 
recovery as a function of pH.
Also, the presence of Na could drive the reaction :
t
NaRS03 t Na+ + RSO“
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to the left, generating neautral molecules which could be 
adsorbed on the surface of the silica.
The difference in results at this point of the curve 
between Fuerstenau (10,17), who obtained zero recovery be­
tween pH 0 and 10.5 and the ones obtained in this work could
be due to the following reasons :
1) The flotation time for Fuerstenau's work was 15 
sec. with a flow rate of 120 cc of Ng/min and the 
flotation time and flow rate used in this work was 
5 min. and 84 cc of ^/min. In Fig. 11, column 3 
(10" 4 M NaCl), the results of a set of experiments 
done to study the influence of flotation time on the 
recovery are shown. From these results, and the 
results shown in Fig. 2, it can be concluded that 
this is one of the main causes of the difference.
2) The length of the hydrocarbon chain. Fuerstenau's 
chain length was 25-30 (MW - 460) carbons, as com­
pared to the one in this work, 12 carbons (MW - 272.4
In Fig. 13, columns 1, 2, 3, and 5, a rough compari­
son was attempted between long chain and short chain 
collectors. The only collectors available were com­
mercial sulfonates of the 800 series from Cyanamid, 
but these compounds were lacking specifications from 
the manufacturer, such as chain length and molecular 
weight. A molecular weight of 400 was assumed for 
these tests and even though this assumption may be
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incorrect, the results demonstrated a large dif­
ference between the two types of sulfonates. The 
importance of the chain length was experimentally 
shown for fatty acids by Fuerstenau (13).
3) The use of HC1 by Fuerstenau for pH control differs
from the use of HCIO^, which was used in this work.
From Figs. 10, 11, 12 and 13, it can be concluded 
that the recovery of quartz using CIO^ is greater
than the recovery of quartz using Cl .
4) The use of KOH by Fuerstenau for pH control differs
from the use "of NaOH used in this work. From Figs.
1 0 , 1 1 , and 1 2 , it can be concluded that the recov­
ery using sodium is greater than using potassium.
The mechanism explained before for the activation of 
sodium again holds here (see Fig. 6 ) and it can be observed 
that an increase in Na+ concentration at constant pH gener­
ates a slight increase in the recovery of quartz. When
zero moles of sodium were added, a low recovery curve was
found, probably due to adsorption of the sodium from the 
.sulfonate.
The zero point of charge of the quartz was found to occur 
at pH = 1.75. Bélow this pH, the surface of the quartz is 
positively charged and the curves of Fig. 6 show a slight 
decrease in the recovery. This was probably due to a com­
petition for the surface between the CIO^ and the RSO^.
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Between pH = 3 - 9.5, there was almost no change in the 
recovery curve. Even though, as the pH was increased, the 
amount of sodium going into solution was increased, this 
was not strongly reflected in the recovery curve, probably 
due to the following reasons:
1) The amount of Na added as NaOH up to pH 9.5 was very 
little. The pH of the conductivity water used to 
this work was 5.3.
2) The zeta potential of the quartz as the pH was in­
creased should be more negative and exercise a 
stronger repulsion of the sulfonate ions.
These two factors seem to be neutralized in the pH region 
3 - 9.5 as is shown in the curve of Fig. 6 .
When the pH was greater than 9.5, the surface of silica 
became more strongly negatively charged, and even though the 
amount of sodium going into solution increases, the zeta po­
tential becomes more negative. Additionally, the large amount 
of hydroxyl ions present would inhibit the adsorption of the 
sulfonate. These two effects cause a decrease in the recov­
ery of quartz.
Quartz-Calcium
In this system, the same mechanism of collection pre­
viously discussed holds again (see Fig. 7).
If a comparison between the three systems is made (see
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Fig. 8 ), it can be observed that the quartz-calcium curve is 
the lowest one below pH = 7. This was probably due to the 
competition between the Cl ion and the sulfonate for the 
surface.
In the pH region above 1, the amount of OH increases 
and competes strongly for the surface, but at the same time, 
the amount of CaOH+ was also increased, driving reaction 3 
to the right and therefore increasing the recovery.
The quartz-calcium-sodium curve is above the quartz- 
calcium curve in the region of pH = 0 - 9.5 probably due to 
sodium adsorption and activation of the quartz. The sodium 
curve is still above this curve,because in this curve, there 
still could be an appreciable depressing effect of Cl ion.
It can be seen that in the region of CaOH+ , the curves 
for quartz-calcium and quartz-calcium and sodium are essen­
tially the same, indicating the close relationship between 
good collection and the existence of CaOH+ .
Quartz-Sodium and Calcium
‘A-With the optimum values for gas flow rate, flotation 
time, and conditioning time, a set of experiments was planned 
to find the effect of pH on the recovery of quartz at constant 
additions of calcium and sodium ions (see Fig. 5) .
For purposes of discussion, the resultant curve in Fig.
5 has been divided into two zones :
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1) Zone 1: pH = 0 - 10.5. A weak collection mechanism 
was found to occur between pH 0 and 10.5. It was not 
expected to obtain collection at this pH according to 
Fuerstenau (10,17). The mechanism of collection of 
adsorption of sodium holds here again for this part 
of the curve.
2) Zone 2: pH = 10.5 - 14.0. A strong collection mech­
anism was found to occur between pH 10.5 and 13; this 
is in agreement with the results found by Fuerstenau 
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Then H+ could be adsorbed on Site A and OH on Site B:
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site A o  ^ S i  +  2 H  IZf °  Si ^
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At the same time, Fuerstenau and Elgillani (17) 
suggested the following chemical reactions at 
equilibrium:
Reaction 1 Ca++ + OH = CaOH+ K = 32.4
++ -Reaction 2 Ca + 2  RSO_ = Ca(RSO )+ -Reaction 3 CaOH + RSO. = Ca(OH)(RSO_). . ^ , .++ _ j laqyor(s) g
Reaction 4 Ca(OH) . = Ca + 20H Ksp = 5.5* 10
+ - -4Reaction 5 Ca(OH) . . = Ca(OH) + OH Ksp = 1.78* 102 VS)
The collector should be the product formed in reac­
tion 3 and the mechanism of collection as follows :
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Si -O H  + 2CaCRS03 M 0H l + SHgO |—» Si
HaO HgO HgO
X i z
-HO —  C a  h s o .Z  I \
HgO HgO HgO
H y O  H y O  H q O
o— H O  C a —— R S O
X I  \
HgO HgO HgO
Later, Bhappu and Escalera (19 j suggested that the 
bonding through the hydrogen of the hydroxyl is weak, 
and that it is difficult to imagine that this bond 
is responsible for the attachment to the mineral 
surface, hence they proposed the following mechanism:
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Si -O H  + CaCRS03 )C0H) I P Si — O — Ca —RSOg + HgO
In agreement with Fuerstenau and Elgillani, the points 
of the curves where strong activation occurs were 
those in which an appreciable amount of the calcium 
was in the form of CaOH+ , the first hydroxyl complex 
(see Figs. 6 , 7, 8).
During the time of this test work, no precipitate was ob­
served visually as compared to (13X This was possibly due to 
the short chain length used in the present work. Fuerstenau 
and Cummins (23) , working with fatty acids,- found
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Flotation is not effected with lauric acid until calcium 
laurate is precipitated in solution, while flotation is 
obtained with 9, 10, and 11 carbon members before precipi­
tation of the calcium carboxylate.
It was suggested that the active substance responsible 
for flotation was a basic aqueous complex and the possible 
mechanism of collection was the one that Bhappu and Escalera 
proposed.
In the pH region between 10.5 and 13, the calcium hy­
droxyl sulfonate predominates and a strong collection is 
achieved. After pH 13, the calcium hydroxide will form in 
preference to the cation hydroxy-sulfonate, generating a 
decrease in the recovery.
ARTHUR LAKES Lib:L 
OLORADO SCHOOL of MINbS 
3OLDEN. COLORADO 80401n.
Inorganic Salt Effects 
The effect of different salts at different pH values 
on the recovery of quartz was studied in this part of the 
test work, and the results are presented in Figs. 10, 11, 
and 1 2 .
From Fig. 10, it can be concluded that the recovery 
using Na+ as the cation in the salt is greater than the 
percent using K+ . This is probably due to the ionic radius 
of the sodium being smaller; the surface charge is concen­
trated in less space and more ions can be physically adsorbed 
in, or can approach the surface more closely and thus lower 
the zeta potential more.
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The recovery using CIO^ as the anion in the salt is always
greater than the percent recovery using Cl as the anion in the
- 4salt. It can be seen that when 10 moles of NaClO^ was added, 
and the depressing effect of K+ or Cl is not present, good 
activation is achieved. Due to the low concentration of sul­
fonate, the recoveries are low and this could probably increase 
the experimental error leading to wrong conclusions. Therefore 
in Fig 11, the same test was repeated at a higher concentration 
of sulfonate.
As the sodium ion coming from the sulfonate was increased, 
the differential effect between sodium and potassium becomes 
less. The effect of Cl depression can stil be seen from this 
figure and it can be concluded that the recovery using Na+ was
-fapproximately equal to that using K , and the recovery using 
CIO^ is greater than the recovery using Cl.
In Fig. 12, at an alkaline pH, the effect of different 
salts was tested and even though at this pH the amount of 
sodium added as NaOH was higher, it could be concluded that 
the recovery of quartz using Na+ as the cation in the salt 
is greater than the recovery using K+ . A greater difference 
was observed between the recovery of quartz using Cl as the 
anion in the salt rather than the CIO^.
The results in Fig. 13 show the influence again of Cl 
and CIO^ using two different collectors, and from this test, 
as well as the one enumerated before, it can be concluded:
1) Percent recovery using Na+ is greater than percent
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recovery using K+ .
2) Percent recovery using CIO^ is greater than percent 
recovery using Cl .
Microcline
The conditioning time curve (Fig. 18) shows that equili­
brium is achieved almost immediately, but a conditioning time 
of 45 min. was chosen because of the results for conditioning
time effect on albite (Fig. 19).
No experiments were done to find the flotation time 
effect on microcline, assuming it to be like the curve for
albite in Fig. 17. The flotation time of 5 min. was chosen.
For albite and microcline, two mechanisms occuring at 
the same time are proposed :
1) Mechanism 1: Chemisorption of RSO^ on the A1 ions
at the surface
Si -OH Si -O H
Al -OH + RSO3 I ?  Al - r s o 3+ o h ”
Si -O H Si — OH
The sulfonate will preferably be adsorbed on the 
surface at the aluminum rather than the hydroxyl 
ion for the following reasons:
a) the aluminum is a "soft" proton donator and the 
sulfonate is a "soft" proton acceptor; the bond
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2)
will therefore be stronger than the bond between 
A1-0H or Al-O" (29). 
b) Since the Si-OH bond should be very much stronger, 
the Si-RSOg will not be formed.
Mechanism 2: Self-dissolution and activation in the




+ 2 Alt RS033a C0H)
-OH Al
— O  — A l C RSOg)^
+ SHgO
— O—AICRSO3 Jg>
The recovery curve is high over a wide pH range (see 
Figs. 21, 22, and 23) and, in order to explain this, 
a 7 combination of two mechanisms is proposed. A 
slight decrease observed at low pH (2.5) could be 
due to a change in the surface charge to positive 
(zero point of charge at 2.4 (30)) and subsequent 
competition for the surface between the CIO^ anion 
and the RSO^. The slight decrease in the curve at 
high pH values could be due to a diminishing effect 
of mechanism 2 and the activation is continued only 
by mechanism 1 , producing a slight decrease in the 
overall recovery curve.
In Fig. 20, a comparison is made between natural micro­
cline and natural albite, and the recovery curves for both of
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them was found to be very similar, as would be expected.
The percent of aluminum in albite = 10.29 and for micro­
cline, 9.69. A better activation by means of mechanisms 
1 or 2 would therefore be expected for albite, and would 
explain why the recovery curve is higher than the recovery 
curve for microcline.
When the feldspars were leached, some of the aluminum 
at the surface should be leached out (2 0 ) , and the final 
surface aluminum content is unknown. This probably ex­
plains the behavior seen in the curves in Fig. 21 plus the 
decreasing effect of mechanism 2 .
When the amount of sodium was increased (see Fig. 22), 
no appreciable difference was noted, indicating that this 
was not an important factor in the system.
Albite
The same explanation given for microcline holds for the
albite system entirely. When the collector concentration is
-5 -4changed from 1x10 M to 1x10 m , the recovery curve in­
creased for natural and leached albite. When sulfuric acid 
was used instead of CIO^, a slight decrease in the recovery
of leached albite was found to occur, possibly due to




In the feldspar section of the discussion, two mechanisms 
for adsorption of sulfonate onto feldspar will be reviewed.
Both of them are stronger than the culombic attraction of the 
sulfonate for the sodium adsorbed on the surface of the quartz, 
therefore, when microcline slimes were added to the quartz- 
sulfonate system, the sulfonate will be preferably adsorbed 
on the microcline. This is taking into account the first 
mechanism proposed in the microcline section.
The addition of 0.16 gr. of slimes of microcline/lt
should depress the quartz due to the following reasons :
1) The mechanism of sulfonate-microcline collection 
is stronger than the mechanism of sulfonate-quartz 
collection.
2) The large surface area of the microcline slimes.
When .33 gr. of microcline slimes/lt. were added, a
strong depression occurred due to the same reasons mentioned 
above. Generally, there are two forces acting on the particle 
of quartz. One tends to activate the quartz, due to the Al 
coming into solution from the microcline and activating the 
quartz and the microcline in the pH region of 4 to 7.5. The
opposite force is the depression effect due to consumption of
sulfonate by the microcline. - At a fixed concentration of .66 
gr. of slimes of microcline/lt. the amount of Al^+ coming into 
solution from the microcline is increased and thus the acti­
vation force is greater than the depression force due to
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surface area. This explains the peak observed between 3 and 
7.5 in the curve (see Fig. 14).
In general, it can be concluded that the slimes of micro­
cline have a depressant effect in the flotation of quartz be­
cause of concentrations greater than 0.66 gr/lt of microcline 
slimes are seldom found in the practice unless the rat io of 
silica to feldspar is small. The zero point of charge of 
albite is 2 and of microcline, 2.4 (1 4 ). When microcline 
slimes are added to the quartz system with a zpc of 1.75, 
it might be expected that no mutual floculation will occur 
above a pH of 2.4. The following schematic illustrates what 
could happen in the system at this pH:
The theory of Gaudin and Fuerstenau (3.1) states: "Slime
coatings should be heaviest under conditions where the slime 
and floatable material are oppositely charged."
A strong interaction between microcline and quartz was 




quartz were very close; test work was not conducted below the 
zpc, but very similar behavior can be expected.
When the microcline slimes were added to the system, a
tendency for the pH to increase was observed. This indicates
+ 3+the tendency of ion H to occupy the sites left by the Al ,
which goes into solution, generating OH ions.
Quartz-Montmorillonite System 
The montmorilIonite clay used in this system could be 
represented as follows :
*A11.51 Fe. 13 Mg.40) (A1.07 Sl3.93^O10^OH)2 (Na. 0 2 T ,37)




A 1.S1 Fe.13 M 9-4
Sl3 .9 3  A l .O-7
C a .37 IMa.OZ
Silica tetrahedra (should be SiO^)
4- Octahedra (should be Al^O^)
Silica tetrahedra (should be SiO^)
+ water molecules
+ ++When this clay is in contact with water, the Na and Ca 
ions can be leached out of the clay, being substituted by HgO+
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and generating in the solution an increase of OH . The iron, 
aluminum and magnesium contents in the octahedral part of the 
packet cannot go out of the packet easily because doing this 
will completely break the structure of the clay (25)•
In addition to this, the octahedral structure is locked 
by the tetrahedral structure, and the contents of Fe and Mg 
are low in this clay.
For these reasons, it could be expected that the effects 
of Ca and Na ions should be stronger than the effects of Al,
M g , or Fe.
The overall effect of substitution of H^O+ for cations 
in the interface between packets in the clay would be expected 
to be stronger than the same effect for microcline slimes, 
indicating more ions coming from the clay than from the micro­
cline. Due to these reasons, the pH tends to increase more for 
the clay system.
The zero point of charge of the montmorilIonite is less 
than 2.5 (30), therefore, no floculation should be expected 
through the pH range in which the tests were made, and not 
very strong interaction was observed.
Mainly the aluminum content of the clay will generate a 
preferential adscrption of the sulfonate on the clay, generat­
ing a depression of the quartz. The dissolution of the Al+  ̂
of the clay and self-activation of the clay are not observed; 
this is probably due to the low content of Al in the tetra­
hedral part of the packet. Probably the main reason why the
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quartz was depressed was the increase in surface area origina­
ted by the addition of clay.
The effect of activation of quartz by calcium was noticed 
in the concentration of clay's curve, particularly for the 
highest clay addition (Fig. 15).
At high concentration of montmorillonite (0.33 gr/lt), 
the amount of calcium in solution will be greater, and the 
activation effect at the pH where CaOH+ is formed can be 
noticed in the upper curve in Fig. 15. This activation 
effect is therefore greater than the depression effect due 
to the increase in the surface area.
The depressive effect of very small amounts of clay
in the flotation of quartz is surprising. It would be ex­
pected that if the concentration of clay continues to be 
diminished, eventually the effect of the clay would cease
and the curve would return to the values of zero gr. of
clay added/1t.
For example, if 0.016 gr/lt of montmorillonite were added 




A micro-flotation technique was used to study the sulfon 
ate flotation of silica and two feldspars. The results and 
conclusions can be summarized as follows :
1. Pure quartz is weakly activated by sodium ions.
2. In the presence of a polyvalent ion (at the pH at
which the cation hydrolysizes) strong activation 
occurs. For example, quartz responds well to flo­
tation at high pH with sulfonate as collector and 
calcium ion as the activator.
3. A complex, probably of the form Ca(RSO-J (OH) , , ^ ^,3 l s j or aq
may be responsible for the good flotation response.
4. Recovery of quartz using sodium as the cation in the 
supporting electrolyte is greater than using potas­
sium.
5. Recovery of quartz using CIO^ as the anion in the 
supporting electrolyte is greater than using Cl .
6 . Microcline and albite respond well to flotation over 
the entire range of pH.
7. For the feldspars, the proposed mechanism of flota­
tion collection involves:
a) the hydrolysis of the dissolved aluminum from 
the feldspar and self-activation
b) a chemisorption of the sulfonate collector over
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the entire range of pH.
8 . Microcline slimes in the concentration range from 
0.016 to 0.66 gr/lt depress quartz over the entire 
range of pH.
9. Montmorillonite slimes in the concentration range 
from 0.016 to 0.33 gr/lt depress quartz in the pH 
range 1 to 10 and activate it from pH 10 to 12.5.
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APPENDIX I
The emission spectrographic analysis used in the present 
work is both qualitative as well as semi-quantitative. The 














































































































Plates 5 and 6 illustrate the emission spectrographic patterns 
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